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Abstract 
Variable delay and switching circuit are the fundamental building blocks in an 
optical communication network. The optical fiber offers virtually unlimited 
transmission bandwidth, thus supporting a great increase in the data transmission 
rate over the last decade. However, optical to electrical conversion is required in 
switching or in delaying the communication data. The channel bit-rate is thus limited 
by the speed of available electronic components and circuits. Owing to the ultrafast 
response of nonlinear optical phenomena, all-optical switch and all-optical delay 
line can be used to replace the existing optical to electrical conversion and supports 
high bit-rate communication. 
In this research thesis, all-optical switching of 10 Gb/s differential-phase-shift 
keying (DPSK) signal is demonstrated in an semiconductor optical amplifier (SOA) 
using nonlinear polarization rotation (NPR). The phase information and the signal 
wavelength are preserved throughout the switching processes. Optical variable delay 
line, together with all-optical switching, can serve as a buffer. Variable delay time 
can be achieved using slow light via stimulated Brillouin scattering. However, the 
technique has a limited operating bandwidth. It also requires precise alignment 
between the signal wavelength and the SBS induced resonance to achieve a large 
delay. A solution to increase the operating bandwidth is demonstrated using a 
phase-modulated pump. The gain bandwidth of SBS slow light is enhanced to delay 
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a 26 ps optical pulse by 10 ps using the pump source. Owing to the constant 
intensity of a phase-modulated pump, no synchronization is needed between the 
pump and the signal pulses. Hence, the approach offers a practical means in delaying 
true optical data. We also design a slow light system independent of the signal 
wavelength. The design eliminates the need of precise tuning of the pump 
wavelength in SBS slow light technique. By using a wavelength converter and a 
fiber Brillouin laser, automatic alignment with the SBS induced resonance is 
achieved regardless of the input signal wavelength. The maximum delay achieved is 
26 ns for a 30 ns optical pulse. The delay variation is less than 0.2 ns over 40-nm 
signal wavelength detuning. 
Apart from slow light techniques, tunable delay can be achieved with 
wavelength conversion together with group velocity dispersion. A fast channel 
selectable demultiplexing on a 40-Gb/s OTDM signal is demonstrated using FWM 
wavelength conversion and group velocity dispersion in a chirped fiber Bragg 
grating. We also demonstrate tunable delay with CSRZ-OOK to RZ-OOK data 
format conversion using pump modulated FWM. The maximum delay achieved is 
200 ps. No power penalty is obtained in the receiver sensitivity at a BER of 10'^ . 
The scheme offers a simple solution to delay and convert CSRZ data to RZ data in 
high speed optical communication network. 



















的光脈沖最大延遲了 26 ns，並且在信號波長變動超過40 nm的范圍內，時延差 
異小於0.2 n s � 
除了慢光，波長轉換結合群速度色散（GVD)也可以實現可變延遲。利用四 
波混頻(FWM)作波長轉換和啁啾布拉格光纖光柵(CFBG)提供的GVD，我 
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In a communication system, information is transferred between different 
locations. The transmission can vary from a few meters to hundreds of kilometers. 
Over the last 150 year, the transmission medium for long haul communications has 
changed from a single wire for telegraphy to a twisted wire for telephone, coaxial 
cable for TV-broadcasting and now optical fiber for broadband internet [1]. Light is 
used as the carriers of information in an optical communication system. The carrier 
is in the invisible or near-infrared region. The communication bandwidth has a 
frequency of � 1 0 0 THz. 
The main application of optical fiber was limited to image transmission during 
the late 1960s. However, the situation changed dramatically in 1970 with the loss of 
silica fiber reduced to below 20 dB/km [2]. A further improvement in fabrication 
technology [3] resulted in a loss of 0.2 dB/km in the 1.55 [xm wavelength region [4]. 
The loss was mainly limited by the fundamental process of Rayleigh scattering. 
Because of the high frequency of light, the bandwidth of optical communication is 
virtually unlimited (many tens of terahertz). Lucent's Allwave fiber opens a new 
window in optical communication at 1400 nm (see figure 1-1) [5]. The development 
in erbium-fiber-doped amplifier [6] enable optical transmission distance over a 
thousand kilometers. The main challenge in future optical network is to create ways 
of accessing the bandwidth of optical fiber. A transmission system with 640 Gb/s 
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has been investigated [7]. The bandwidth of optical fiber is well beyond the capacity 
of an electrical wire, therefore electronics create a limit to the speed of an optical 
communication network. Electrical signal processing is limited to a speed of 50 GHz 
and creates a bottleneck on operation. All-optical signal processing provides a 
solution to overcome the electronic limits. All-optical signal processing provides a 
potentially high speed and relatively inexpensive method for future communication 
networks. 
Recently, all-optical tunable delay has attracted much research interest. 
All-optical tunable delay line is a fundamental building block in a modem 
communication network. A delay line is required for optical buffering or delaying 
signal in their processing at the bottleneck of an optical communication network. 
The traditional optical buffer requires optical-to-electrical and electrical-to-optical 
conversions that limit the bit-rate of the network. However, with the use of 
all-optical tunable delay line, the speed limit of electronics can be overcome. The 
delay line also enables other optical signal processing functions such as bit-level 
synchronization in an optical communication system. 
In the following section, we will review different schemes to construct an 
all-optical tunable delay line. The schemes exhibit characteristics in terms of the 
maximum delay, the delay continuity, the pulse shape degradation, and the 
compactness. 
- 1 -
All-Optical Switching and Variable Delay Using Nonlinear Optical Signal Processing Techniques 
CHAPTER 1 
1.1 Different ways to achieve all-optical 
tunable delay 
1.1 A Optical buffer realized with optical switching 
A basic building block of an all-optical packet switched network is the optical 
buffer or memory. Optical fiber offers a trivial solution to optical buffering 
(propagation delay in optical fiber). A basic schematic illustration of an all-optical 
buffer is shown in figure 1-1 (a). The optical buffer is realized by using a 
combination of fiber delay lines and an all-optical switch. By controlling the routing 
of signal, the data packet can be switched to either pass- or buffer-port. The switch is 
usually realized by a wavelength converter and a WDM demultiplexer [8]. The 
buffer can be further extended to support different delays by using a 1 x N switch. 
As the data length in the packet is of fixed length, the required storage time will 
be an integer multiple of the packet length. This allows the optical fiber loop to 
serve as an optical buffer. The schematic illustration of a fiber loop buffer is shown 
in figure 1-1 (b) [9]. To decide whether the data are being buffered or not, an optical 
switch is required. By controlling the number of circulations inside the fiber loop, 
the optical data can be buffered. A long buffer time can be achieved by increasing 
the number of circulations. The loss inside the fiber loop must be compensated in 
order to increase the buffering time. It can be done by placing an EDFA inside the 
fiber loop. However, the amplified spontaneous emission noise limits the 
performance of the optical buffer. Regeneration in the optical fiber loop buffer has 
been demonstrated to compensate the noise introduced by the amplification inside 
the fiber loop [10]. 
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Figure 1-1: (a) Schematic illustration of optical buffer using switch and FDL; FDL: 
fiber delay line; (b) Schematic illustration of optical fiber loop buffer. 
LL2 Slow light technique 
Slow light is the literal slowing of the speed of light. It is the propagation of an 
optical pulse or other optical signal at a reduced group velocity. Recently, research at 
the nonlinear optics has demonstrated control over the speed of a light pulse as it 
propagates in a medium. It is possible to control the speed from its vacuum speed 
down to several meters per second [11]. Slow light techniques can be used to realize 
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optically controllable pulse delays for application such as optical buffering, data 
synchronization, optical memory and optical signal processing. 
There are many mechanisms which can generate the slow light effect. All of 
them create narrow spectral regions with high dispersion. By modifying the 
dispersion of a medium, the group velocity of light can be reduced. The mechanisms 
such as electromagnetically induced transparency (EIT) [12], coherent population 
oscillation (CPO) [13]，four-wave mixing (FWM) [14], optical parametric 
amplification (OPA) [15], stimulated Raman [16] and Brillouin scattering [17][18] 
have been proposed to generate slow light. The previous schemes exhibit different 
characteristics in terms of maximum delay, the pulse shape degradation, and the 
supported signal bandwidth. This sub-section offers background on slow light and 
summarizes recent demonstrations that employed different mechanisms for slow 
light. 
(i) Basics of slow light 
To understand the principle of slow light, it is crucial to realize that many 
different types of velocities characterize how an optical signal propagates through a 
medium. Considering a continuous-wave monochromatic (single frequency) beam 
of light with a frequency of cOc, the phase velocity can be written as, 
(1.1) 
where n(co) is the frequency dependent index of refraction, c is speed of light in 
vacuum. The situation becomes complicated if an optical pulse rather than a CW 
light is propagating. From the basic Fourier theory, an optical pulse can be resolved 
into several frequency components. Therefore an optical pulse can be thought of as 
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resulting from constructive or destructive interference among different components, 
(see figure 1-2). In a material with frequency dependent refractive index, each of 
these components in the optical pulse propagates with different velocity. This results 
in a temporal shift of optical pulse with respect to the same pulse traveling in 
vacuum. The temporal shift of optical pulse implies that it is traveling at a different 
velocity. This is known as the group velocity (Vg) which is defined as 
c c 
Vg = ；TT^ = — (1.2) 
^ , � dn(co) n n(co) + c o ~ ^ 8 
dcO o)=(o, 
where coc is the central frequency and iig is the group index of the material. We can 
see that the group velocity depends on the dispersion of refractive index dn/dco. 
Slow light effects make use of the rapid variation of refractive index associated 
with a material resonance. Slow light can be achieved when Vg«c. Vice versa，fast 
light can be achieved when Vg » c . However, the pulse bandwidth has to be limited 
to the spectral region with the highly dispersive property. w 
Light p u l s e 
/ � A / f \ f X \ 
/ / w 4 “ \ � � 
\ \ 、//,/ •:、《,/ / 
Fourier c o m p o n e n t s 
Figure 1-2: Fourier components wave interfere to create light pulse 
- 5 -
All-Optical Switching and Variable Delay Using Nonlinear Optical Signal Processing Techniques 
CHAPTER 1 
(ii) Slow light via electromagnetically induced transparency (EIT) 
Electromagnetically induced transparency (EIT) is coherent optical nonlinearity 
which can create a transparency (i.e. zero absorption) over a narrow spectral range 
with an absorption line. By Kramers-Kronig relations, an extreme dispersion is 
created simultaneously with this transparency. Therefore, slow light can be created 
in this spectral range. EIT is usually achieved in cold [19] or warm gases [20] of 
three level atoms. A group velocity down to 1 m/s is investigated with EIT [21]. 
Observation of EIT involves two optical waves (probe wave and pump wave) which 
are set to interact with the three level quantum states of a material. The probe wave 
is tuned near the resonance of two states and measures the absorption spectrum of 
the state transition. Another high intensity pump wave is tuned near the resonance at 
a different transition. If the state is coupled properly, the presence of pump wave 
will create a spectral region of transparency which can be seen by the probe wave. 
This results in an extremely low absorption (so-called transparency) at probe 
frequency. A rapid change of refractive index is associated with this reduced 
absorption, (see figure 1-3), therefore the group velocity of the probe wave is 
reduced dramatically. Thus, slow light is achieved. 
§ 个 
••g. P u m p "off' 
I P u m p "on" 
^ / / \ / \ \ 
•O ： / ； ； \ \ 
<D :/ \ ： V 
I / / \ 
—iJ；：：- 2 � • 
N o r m a l i z e d f r e q u e n c y d e t u n i n g 
Figure 1-3: Change in absorption induced by EIT 
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(Hi) Slow light via coherent population oscillation (CPO) 
The EIT process involves two delicate quantum state transitions. These 
transitions can be destroyed with the presence of collisions or other phenomena. 
Thus the process cannot be observed at room-temperature which is desirable for 
practical applications in optical communication network. However, the process of 
coherent population oscillation (CPO) offers a solution. 
When a strong pump wave ( f p u m p ) and a probe wave (fprobe) of slightly different 
frequencies interact in a material that display saturable absorption. The population of 
ground state of the material will oscillate in time at the beat frequency of the two 
waves. This effect is known as CPO. The temporally modulated ground state scatters 
the pump wave. This contribution leads to decreased absorption in the probe 
frequency, this is, to a spectral hole in the probe absorption profile (see figure 1-4). 
A rapid change of refractive index is associated with the spectral hole. Thus, slow 
light is achieved at the probe frequency. The CPO has been demonstrated to slow 
down the speed of light in ruby crystal (display saturable absorption) [22]. 
• ‘ Spectral hole 
iUL 
N o r m a l i z e d f r e q u e n c y d e t u n i n g 
Figure 1-4: Spectral hole created by coherent population oscillation 
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(iv) Slow light via optical parametric amplification(OPA) 
The previous slow light method has a fundamental limits related to the material, 
thus limiting the bandwidth and wavelength of operation [23]. Slow light can be 
achieved using fiber optics approach. Slow light have been demonstrated using 
optical parametric amplification (OPA). Using the narrow gain spectrum of OPA, 
slow light is achieved. 
Near the zero-dispersion wavelength, amplification of light can be achieved by 
the energy transfer from a strong pump wave to the signal wave due to parametric 
process [24]. The schematic illustration of single pump OPA is shown in figure 1-5. 
An idler wave is generated simultaneously during the amplification. A gain over a 
narrow spectral range is created using a high gain and narrow band optical 
parametric amplifier [25]. A rapid change of refractive index is associated with the 
frequency dependent gain in the optical fiber generated by OPA. Thus, a reduction in 
group velocity (i.e. slow light) is resulted over the bandwidth of the amplifier. The 
group velocity can be controlled by adjust the parametric gain. 
P u m p (oOp) ^ R e s i d u a l p u m p (⑴p) 
• 
S i g n a l (c^s) 。卩八 ^ Amplified signal (⑴s) 
^ • Idler (2⑴p- cOs) 
Figure 1-5: Schematic illustration of single pump OPA. 
(v) Slow light via stimulated Raman and Brillouin scattering 
The two most commonly observed forms of stimulated scattering are stimulated 
Brillouin scattering (SBS) and stimulated Raman scattering (SRS). SBS and SRS are 
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resulted from the high frequency acoustic wave and the vibration of optical phonons 
respectively. The schematic illustration of SBS and SRS slow light are shown in 
figure 1-6. These processes transfer light energy from the higher-frequency pump 
wave to the lower frequency one (Stokes wave), which results in exponential 
amplification of the signal wave when its frequency is detuned from the pump wave 
by the Stokes frequency. The amplification process is also accompanied by a rapid 
change of refractive index over a spectral range and gives rise to slow light. The 
slow light can be controlled by simply tuning the power of the pump wave. 
Controllable delays due to SBS and SRS offer an arbitrary wavelength of operation 
by simply changing the wavelength of the pump wave. 
The intrinsic bandwidth of slow light via SBS is limited to several tens of MHz. 
However, the bandwidth can be pushed to 25 GHz [26] and supports the data rate in 
telecommunication network. Alternatively, the bandwidth of SRS is large enough to 
support very high data rate ( � 1 Tb/s). However, demonstration in optical C-band is 
not demonstrated due to lack of high power Raman pump. 
(a) 
„ A c o u s t i c w a v e , 
P u m p S i g n a l 
• I — I I I Fiber | ^ 
S l o w light via stimulated Brillouin scattering 
(b) 
P u m p P h o n o n vibration 
r I ^ Fiber 
S i g n a l s l o w light via stimulated R a m a n scattering 
Figure 1-6: (a) Schematic illustration of slow light via SBS; (b) Schematic 
illustration of slow light via SRS. 
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LL3 Tunable delay using wavelength conversion together with 
chromatic dispersion 
Apart from slow light techniques, all-optical wavelength conversion followed 
by signal propagation in a dispersive medium [27] [28] [29] presents as an alternative 
approach for tunable delay. The schematic illustration of the tunable delay is shown 
in figure 1-7. Unlike slow light which creates dispersion in a spectral region, the 
alternative approach creates a change in signal wavelength such that the signal 
propagates with a reduced group velocity caused by chromatic dispersion. The 
dispersive medium can be an optical fiber [30] or a chirped fiber Bragg grating 
(CFBG) [31]. Optical fiber provides a scalable dispersion according to its length and 
the dispersion can be compensated using dispersion compensating fiber which can 
minimize the effect on pulse distortion. However, the latency will increase 
dramatically using a long length of optical fiber as a dispersion medium. The latency 
can be reduced by using a chirped fiber Bragg grating which has a short length and 
large dispersion. Nevertheless, the transmission bandwidth of the CFBG limits the 
bandwidth of conversion, hence limits the maximum amount of delay. 
A A A ^ A A A 
S i g n a l (As) w a v e l e n g t h C o n v e r t e d S i g n a l (Ac) 
C O 门 verier 
2 r ..... 
Dispersive D e l a y e d signal (Ac) 
m e d i u m ^ 
Figure 1-7: Schematic illustration of tunable delay using wavelength conversion 
together with chromatic dispersion. 
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1,1,4 Comparison of different schemes for constructing all-optical 
delay line 
Different schemes for constructing all-optical delay line were reviewed in the 
previous session. Different characteristics of the schemes are summarized in the 
following table. 
Delay using Wavelength 
. Slow light 
all-optical conversion and 
techniques 
switching dispersion 
Group velocity Group velocity 
Switching between 
reduction change by 
Mechanism different 
. generated by laser different carrier 
propagation paths . 
induced resonance wavelengths 
T. 八 . 1 T. 八 … Limited by the 
Limited by signal Limited by delay 
Delay , , . " , conversion 
attenuation bandwidth product 
bandwidth 
Speed of 
Bandwidth Switch speed � 1 THz (SRS) wavelength 
converter 
Delay continuity Discrete Continuous Continuous 
Setup Complex Relatively simple Relatively simple 
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3.2 Stimulated Brillouin scattering (SBS) 
The thesis mainly describes the different ways to achieve all-optical tunable 
delay for all-optical buffering or signal processing in future optical communication 
systems. The methods include switching of data signal to different optical 
propagation paths, slow light via SBS, tunable delay using wavelength conversion 
and chromatic dispersion as mentioned in Section 1.1. 
In Chapter 2，we introduce the use of nonlinear polarization rotation (NPR) in a 
semiconductor optical amplifier (SOA) to perform switching of optical differential 
phase-shifted keying (DPSK) signal. A wavelength retaining 1 x 2 all-optical switch 
for DPSK signal built by commercial available components is presented here. The 
switch can be used for implementing optical delay by switching the DPSK signal to 
different optical propagation paths. The performances of the switch are discussed 
in Section 2.5. 
Wideband continuously tunable delay via SBS slow light using a phase 
modulated pump is discussed in Chapter 3. SBS slow light is limited by a bandwidth 
of 30 MHz in an optical fiber. A phase modulated pump is used to broaden the gain 
bandwidth of the SBS to support telecommunication data rate (several Gb/s). The 
correlation between the required amount of phase modulation and the bandwidth of 
input signal pulses will be investigated. 
In Chapter 4，we demonstrate an input signal wavelength transparent SBS slow 
light approach. A XGM wavelength converter and a Brillouin fiber laser are used in 
the demonstration. No alignment is needed between thepump wavelength and the 
signal wavelength. The working principle of the approach will be discussed in 
Section 4.3. A 40-nm wavelength transmission window with a maximum delay of 26 
ns has been demonstrated and will be described in Section 4.4. 
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A tunable delay line constructed by FWM wavelength conversion and 
chromatic dispersion in a CFBG for fast channel selection in a 40-Gb/s OTDM 
system is discussed in Chapter 5. The OTDM signal is demultiplexed to 10-Gb/s in 
an electro-absorption modulator. With the use of the tunable delay line, 
synchronization and fast channel selection in an OTDM system is achieved. The 
performances of the setup are discussed in Section 5.5. 
In Chapter 6，we presented an all-optical tunable delay with CSRZ-OOK to 
RZ-OOK conversion using pump modulated FWM wavelength conversion and 
group velocity dispersion. By exploiting the phase doubling characteristics of pump 
modulated FWM, CSRZ-OOK to RZ-OOK format and wavelength conversion is 
achieved. The details will be discussed in Section 6.2. 
Finally, Chapter 7 summarizes my contribution during the master of Philosophy 
study. Prospects of future work will be discussed in this chapter. 
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All-optical switching of DPSK signal in an SOA 
using nonlinear polarization rotation 
In this chapter, we introduce the use of nonlinear polarization rotation (NPR) 
in an semiconductor optical amplifier (SOA) to perform switching of optical 
differential phase-shifted keying (DPSK) signal A wavelength retaining 1x2 
all-optical switch for DPSK signal built by commercial available components is 
presented here. The switch can be used for implementing optical delay by switching 
the DPSK signal to different optical propagation paths. A 10-Gb/s NRZ-DPSK 
signal generated with pseudorandom binary sequence (PRBS) is switched 
without changing its carrier wavelength. The switching utilizes NPR in an SOA. 
Using a polarization beam splitter (PBS), switching of DPSK signal can be achieved. 
The phase information of the DPSK signal is preserved throughout the switching 
process. The performance of the switch is characterized using a 10-Gb/s 
bit-error-rate (BER) tester. The measured power penalty is below 3 dB over a 12-nm 
operating wavelength. 
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3.2 Stimulated Brillouin scattering (SBS) 
All-optical packet switched network [1] is a promising candidate for next 
generation optical communication network. Packet switching is a communication 
paradigm that information is split into discrete blocks of data packets. Packets are 
routed between nodes over data links shared with other traffic. By dividing the 
information into packets, the transmission bandwidth can be fully utilized by 
statistically sharing the data links, giving rise to high capacity communication with 
improved efficiency and flexibility. Optical header processing [2][3], optical packet 
switching [4]，and optical buffering [5][6] are involved in an all-optical packet 
switched network The crucial component for the network is an all-optical switch or 
router. Optical buffering and packet switching require an ultra-fast all-optical switch. 
Optical buffering or delay can be constructed by switching the data packet to 
different optical propagation paths or to a fiber loop for achieving different delay. A 
common approach to perform switching is to use all-optical wavelength conversion 
together with an array waveguide grating (AWG). The approach is able to perform N 
X N switching, however, an unavoidable change in carrier wavelength is associated. 
Recently, the differential phase-shift keying (DPSK) [7] optical data format has 
« 
received much attention compared to the conventional on-off-keying (OOK) or 
amplitude-shift keying (ASK) data format. With the use of balance detection, DPSK 
signal offers a 3-dB improvement in receiver sensitivity compared to ASK signal. 
The gain saturation effect in amplifier that may degrade the ASK signal is less 
detrimental to DPSK signal. In addition, the low peak power and the uniform 
distribution of power in every bit ofNRZ-DPSK signal imply that it is more resilient 
to fiber nonlinearity. Channels cross talk and signal degradation from four-wave 
mixing and nonlinear phase modulation can be minimized. However, phase 
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information is not preserved in most of the common wavelength conversion 
techniques, such as cross-gain modulation and cross-phase modulation. Hence, the 
techniques are not compatible for switching and buffering of DPSK signal. 
To demonstrate switching of DPSK signal without changing the signal carrier 
wavelength, we propose to use nonlinear polarization rotation (NPR) induced by 
cross-phase modulation (XPM) in a semiconductor optical amplifier (SOA). NPR 
can be applied for wavelength conversion [8][9] but is also capable for switching 
when used with a polarization selective element such as a polarizer or a polarization 
beam splitter. In this chapter, we demonstrate a 1 x 2 optical switch for 10-Gb/s 
NRZ-DPSK signal using commercially available components. The optical switch 
rotates the polarization of the incoming signal through NPR at the SOA without 
converting the signal wavelength. Phase information of the DPSK signal is 
preserved throughout the process. The switch can be used to implement tunable 
delay line by switching the signal to different optical propagation paths. The 
switched signal is characterized by bit-error-rate (BER) measurement. A power 
penalty of less than 3 dB is obtained across a 12-nm operating range. 
2.2 Birefringence and nonlinear polarization 
rotation 
Birefringence or double refraction is the decomposition of light into two rays 
(the ordinary ray and extraordinary ray) when it passes through certain materials. The 
two light rays have different polarizations. In an optical fiber, the two different 
indices of refraction in different polarization directions result in different propagation 
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speed of light for different directions. The birefringence [10][11][12] is defined by 
= (2.1) 
where rie is the extraordinary refractive index for light electric field parallel to the 
optic axis and n � i s the ordinary refractive index for light with electric filed 
perpendicular to the optic axis. 
Figure 2-1 shows the schematic illustration of an optical kerr shutter [13]. The 
pump and probe beams are linearly polarized at the nonlinear medium input with a 
45° angle between their polarization directions. A crossed polarizer blocks probe 
transmission in the absence of the pump beam at the output of the nonlinear medium. 
When the pump is turned on, the refractive indices for the parallel and perpendicular 
components of the probe (with respect to the direction of pump polarization) become 
slightly different because of pump-induced birefringence. The phase difference 
between the two components at the nonlinear medium output manifests as a change 
in the probe polarization, and a portion of the probe intensity is transmitted through 
the polarizer. The probe transmittivity depends on the pump intensity and can be 
controlled simply by changing the intensity. As the probe output at one wavelength 
can be modulated through a pump at a different wavelength, this device is also 
referred to as the Kerr modulator and has attracted considerable attention 
[14] [15] [16] [17]. It is found useful in fiber-optical networks requiring all-optical 
switching. 
T r a n s m i t t e d 
N o n l i n e a r 个 signal 
m e d i u m 一 
C o n t r 么 切 
S i g n a l ^ ^ Polarizer 
Figure 2-1: Schematic illustration of an optical Kerr shutter 
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2.3 Differential-phase-shift keying (DPSK) 
modulation format 
A number of advanced optical modulation formats have been proposed to 
enhance the robustness of signal to chromatic dispersion, optical filtering, and 
flber-nonlinearities as described in [7]. In particular, phase-shift-keyed formats have 
attracted much research attention. Binary-phase-shift-keyed (BPSK) formats carry 
the information in the phase itself. Because of the lack of an absolute phase 
reference in receivers, the phase of the preceding bit is used as a relative phase 
reference for demodulation. This gives rise to differential-phase-shift-keyed (DPSK) 
formats, which carry the information in optical phase changes between bits. 
Ill the DPSK format, optical power appears in every bit slot, with the binary 
data encoded as either a 0 or TT optical phase shift between adjacent bits. The optical 
power in each bit can occupy the entire bit slot (NRZ-DPSK) or appears as an 
optical pulse (RZ-DPSK). The most significant advantage of DPSK format 
compared to ASK format is the 3-dB reduction in the required signal to noise ratio to 
achieve the same bit-error-rate (BER). This can be understood by comparing the 
signal constellations for DPSK and ASK signal as shown in figure 3-2. For the same 
average power, the symbol distance in DPSK is increased by � 2 . Therefore, only 
half optical power is required to achieve the BER. The 3-dB benefit of DPSK can be 
extracted using balanced detection. DPSK with balanced detection offers large 
tolerance to signal power fluctuation because the decision threshold is independent 
of the input power DPSK is more resilient to fiber nonlinearity. This results from the 
fact that the optical power is more evenly distributed than in ASK (power is present 
in every bit slot for DPSK, which reduces bit-pattem-dependent nonlinear effects) 
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and the optical peak power is 3 dB lower for DPSK than for ASK for the same 
average power. 
(a) T p x2 丄 02 x2 
I m ( E ) Pavg = Y 
J i 
6 ( W Re(E) 
Amplitude-shift keying (ASK) 
1 / \ 2 . / \ 2 2 
(b) p _ i f I J L l 
Im(E) ^ - ^ i t v r j 2 t v r J 
多 琴 ） 
、、、丨、 
N • 
Differential-phase-shift keying (DPSK) 
Figure 2-2: Signal constellation of (a) ASK format; (b) DPSK format. 
2.4 Experimental setup 
The experimental setup of the proposed 1 x 2 optical switch for DPSK signal is 
shown in figure 2-3. A 1555.4-nm laser diode is externally modulated by a phase 
modulator to generate a 10-Gb/s NRZ-DPSK signal. A polarization controller (PCI) 
is used to adjust the signal polarization. The signal is linearly polarized and is 
oriented at 45° with respect to the TE axis of the SOA. The polarization of the signal 
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being coupled is first adjusted by monitoring the polarization dependence of the gain 
characteristic of the SOA. Once the input signal polarization is set, it is kept 
unchanged throughout the experiment. The average power of the signal is -6.8 dBm. 
A control light is prepared by externally modulating a CW tunable laser using an 
electro-optic intensity modulator driven by an RF signal. The control light is linearly 
polarized and is oriented at the TE axis of the SOA. The signal and the control are 
launched into the SOA via a 3-dB coupler. The nonlinear SOA (Kamelian 
NL-Hl-C-FA) is 1-mm long and is biased at 200 mA to produce a gain peak at 1563 
nm. Another polarization controller (PC2) is placed at the output of the SOA to 
maximize the signal power at polarization A while minimizing that at polarization B 
in the absence of control light. A tunable optical bandpass filter with a 3-dB 
bandwidth of 0.4 nm is placed after the polarization controller to block the control 
beam from the signal. A polarization beam splitter (PBS) is used to provide two 
output ports with polarizations A and B. In the presence of the control light, the 
carriers in the SOA are depleted and a differential change in the refractive indices is 
produced along the TE and TM axes. The change in birefringence results in a 
polarization rotation of the signal. The signal beam is therefore switched to another 
port of the PBS with an output at polarization B. As the phase change induced on 
every bit of the DPSK signal is constant, the differential phase information of the 
DPSK is preserved. A 100-ps delay interferometer (DI) is used to demodulate the 
DPSK signal before the bit-error-rate (BER) measurement is performed. 
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Figure 2-3: Experimental Setup of I x 2 optical switch. LD: laser diode; PM: phase 
modulator; 50/50: 3-dB coupler; PCI, PC2: polarization controller; SOA: 
semiconductor optical amplifier; BPF: optical bandpass filter; PBS: polarization 
beam splitter; Pol A: polarization A; Pol B: polarization B; DI: delay interferometer; 
PD: Photodiode; BERT: bit-error rate tester 
2.5 Experimental results 
To optimize the switching performance, a CW light is first used as the control 
beam. The extinction ratio is defined as the ratio of the signal powers at the output 
with and without the control beam. The dependence of the output signal extinction 
ratio on the control light power is shown in figure 2-4 (a). Both output ports of the 
PBS with signals at polarization A and polarization B are studied. Apart from 
nonlinear polarization rotation, the gain of the SOA is also depleted by the control 
light, resulting in different extinction ratios at the two polarizations. When the 
control power increases, the carrier depletion at the SOA is more pronounced. Thus, 
the signal power in its “off’ state at polarization A is further suppressed and leads to 
an enhancement in the extinction ratio. However, the output signal at polarization B 
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in its "on" state is also suppressed and leads to a reduction in the extinction ratio 
when the control power is greater than 1.2 dBm. To obtain the same extinction ratio 
of 9.5 dB at both polarizations as shown in the intersection point of the two curves in 
Fig. 3 (a), the average power of the control should be set at 1.7 dBm. The control 
power is subsequently fixed at 1.7dBm for the rest of the experiment. The 
demodulated DPSK signals at both polarizations are shown in figure 2-4 (b). 
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Fig. 2-4: (a) Signal extinction ratios against the control power at the output ports of 
the polarization beam splitter, (b): (i) Output of polarization A at "on" state, (ii) 
Output of polarization A at "off" state. (Hi) Output of polarization B at "on “ state, 
(iv) Output of polarization B at “off” state. 
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Fig. 2-5 shows the change of the extinction ratio by detuning the control over a 
range of 20 nm. The extinction ratio variation is less than 0.3 dB throughout the 
tuning range. The result indicates that the wavelength difference between the control 
and the signal can be widely tuned without affecting the performance of the switch. 
To investigate the performance of optical switching of DPSK signal, 10-Gb/s BER 
measurements are performed at both ports using PRES. The results are shown 
in Fig. 2-6 (a). The control beam wavelength is chosen at 1545, 1556, or 1560 nm. 
The power penalties are measured to be less than 3 dB at a BER of 10'^  over 12-nm 
wavelength tuning of the control beam. No BER floor is observed. The signal 
degradation originates mainly from the reduced extinction ratio of the switched 






^ 4 — • - P o l a r i z a t i o n A 
2 - o — P o l a r i z a t i o n B 
0 ‘ 丨 i ‘ i 
-16 -12 - 8 - 4 0 4 8 
D e t u n e d w a v e l e n g t h ( n m ) 
Fig. 2-5: Extinction ratios of the output signals at polarizations A and B over a 
20-nm wavelength detuning range. 
To study the switching behavior with a modulated control beam, we use a 
6-MHz square wave producing 50-ns wide pulses with a duty cycle of 30%. The 
output switched waveforms at polarization A and polarization B are shown in figure 
2-6 (b). The insets in figure 2-6 (b) correspond to demodulated DPSK signal eyes at 
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the output of the PBS. Clear and widely open eyes are observed after the switching, 
thus supporting use of the compact 1 x 2 switch for DPSK signal switching in a real 
network. 
⑶ 0 | ； 
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Figure 2-6: (a) BER measurement results for signals at polarization A and 
polarization B with 12-nm control wavelength detuning, (b): (i) Switched waveform 
at polarization A. (ii) Switched waveform at polarization B. Insets: Corresponding 
eye diagrams of the switched waveforms. 
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3.2 Stimulated Brillouin scattering (SBS) 
In this chapter, we demonstrate a wavelength-retaining, all-optical 1 x 2 switch 
for DPSK signal using nonlinear polarization rotation in a SOA. With an average 
switching power of 1.7 dBm, a 9.5-dB extinction ratio of the output signal is 
achieved at the two switching outputs. Over a tuning range of 20 nm, the variation 
of extinction ratio is less than 0.3 dB. The power penalty for 10-Gb/s data at a BER 
of 10-9 is less than 3 dB over a 12-nm wavelength range. Switching of the DPSK 
signal has also been demonstrated at 6 MHz using a square control pulse with a duty 
cycle of 30%. The switch can be used to implement an all-optical tunable delay line 
by switching the DPSK signal to different optical propagation paths. 
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CHAPTER 3 
Wideband slow light via stimulated Brillouin 
scattering in an optical fiber using a 
phase-modulated pump 
In previous chapter, we demonstrate all-optical switching using nonlinear 
polarization rotation. The switch can be used to implement tunable delay line by 
switching the input signal to different optical propagation paths. However, the 
achieved delay is only discretely tunable. To achieve continuously tunable delay, 
slow light via stimulated Brillouin scattering (SBS) is proposed. However, SBS slow 
light technique has its limitation in bandwidth. The intrinsic Brillouin linewidth is 
restricted to approximately 30 MHz in conventional single mode fiber and therefore 
the useful data rate is limited to several tens of Mb/s. It is much lower than the data 
rate (in the orders of Gb/s) in optical communication. In this chapter, we investigate 
slow light via SBS in a room temperature optical fiber that is pumped by a 
phase-modulated pump. Broadening the spectrum of pump field increased the 
linewidth of the Stokes amplifying resonance, thereby increasing the slow light 
bandwidth to delay 26-ps pulses. 
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3.2 Stimulated Brillouin scattering (SBS) 
There has been great interest in slowing the propagation speed of optical signal 
(so-called slow light) using different optical methods [1]. Slow light technique can 
be used to perform many functions for future optical communication networks, 
including optical buffering, data synchronization and signal processing [2][3][4]. 
Slow light is usually achieved with resonant effects that create a large normal 
dispersion in a narrow spectral region, which increases the group index and results 
in a reduction in group velocity of the optical signal. Optical resonance associated 
with stimulated Brillouin scattering (SBS) [5][6], stimulated Raman scattering (SRS) 
[7], and parametric amplification [8] in an optical fiber have been recently 
demonstrated to achieve slow light. 
The spectral width of resonance limits the time duration of the optical pulse. 
For a narrow optical pulse, a larger width of resonance is required. In this regard, 
slow light in optical fiber via SBS is limited to data rate in the order of tens of Mb/s 
due to the narrow linewidth of SBS ( � 3 0 MHz for standard single mode fiber). 
Recently, SBS slow light bandwidth has been increased to about 12 GHz by 
broadening the spectrum of the SBS pump field using an intensity modulated pump 
[9]. In this chapter, optical pulses train at both 1 GHz and 10 GHz are delayed using 
SBS with a phase modulated pump. We also investigate the effect of the linewidth of 
pump on slow light. The phase modulated pump provides a constant pump power 
and thus no synchronization is needed between the pump and signal pulses. Hence, 
the approach offers a practical means in amplifying and delaying high-bit-rate pulses 
(up to 10 GHz) and true data in communication network. 
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3.2 Stimulated Brillouin scattering (SBS) 
Stimulated Brillouin scattering (SBS) has been studied extensively in the past 
few decade. The SBS process generates a Stokes wave down-shifted from the 
frequency of the incident pump wave by an amount determined by the nonlinear 
medium. The Stokes wave propagates backward when SBS occurs in an optical fiber. 
The Stokes shift of SBS in an optical fiber is around 10 GHz and the threshold pump 
power for SBS depends on the spectral width associated with the pump wave. The 
process of SBS can be described classically as the interactions among the pump 
wave, the Stokes wave, and an acoustic wave. The pump wave generates acoustic 
waves through the process of electrostriction which in turn causes a periodic 
modulation of the refractive index. The pump-induced index grating scatters the 
pump light through Bragg diffraction and generates the backward propagating 
Stokes wave. The Stokes wave is down-shifted in frequency because of the Doppler 
shift associated with a grating moving at acoustic velocity. The Brillouin shift of the 
Stokes wave is given by, 
年 (3.1) 
where n is the modal index at pump wavelength ？and y^ is the acoustic velocity. 
The growth of the Stokes wave can be characterized by the Brillouin-gain 
coefficient of which the peak value occurs atvg • The Brillouin gain of an optical 
fiber can be used to amplify a weak signal with a frequency shifted from the pump 
frequency by an amount equal to the Brillouin shift. However, because of an 
extremely narrow Brillouin-gain profile (< 100 MHz), the bandwidth of such 
amplifiers is generally below 100 MHz. For this reason, fiber-Brillouin 
amplification does not attract much attention compared to Raman amplification even 
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though amplification can be achieved with only a few milliwatts pump power. 
3.3 Slow light via SBS 
SBS can be treated as a narrowband amplification process, in which a strong 
pump wave produces a narrowband gain region and another narrowband loss region. 
According to the Kramers-Kronig relation, a rapid change of refractive index is 
associated with the Brillouin gain/loss process and a substantial change of the group 
index n^ , = n + codn/dco follows as a result of sharp index change. The plots in 
figure 3-1 shows the frequency dependence of the SBS gain, refractive index change, 
and group index change. From figure 3-1，positive group index change is observed 
near the peak of gain resonance, which indicates a reduction in group velocity. Vice 
versa, an increase in group velocity is observed at the region of negative group index 
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Figure 3-1: (a) Plot of normalized SBS gain and normalized refractive index change 
against frequency detuning; (b) Plot of normalized group index change against 
frequency detuning 
When a laser pump with a single frequency is used in the generation of SBS, 
- 3 5 -
All-Optical Switching and Variable Delay Using Nonlinear Optical Signal Processing Techniques 
CHAPTER 3 
the Brillouin gain window appearing in the optical fiber has a Lorentzian shaped 
spectral profile with a spectral width of 30 MHz in conventional single mode fiber. 
However, when the pump is modulated the Brillouin gain bandwidth is given by the 
convolution between the pump spectrum and the intrinsic Brillouin gain spectrum 
g(Av) and is given by [10], 
g(Av) = P(Av)(8)g3(Av) (3.1) 
where <S) denotes convolution, P(Av) is the normalized pump power spectral 
density and gB(Av) is the characteristic Lorentzian gain of Brillouin amplification 
process. Hence the pump modulation can be used to broaden the gain bandwidth of 
SBS. The SBS gain spectrum can be controlled by changing the spectral shape of the 
pump. If the pump spectrum can be approximated by a Lorentzian, the effective 
Brillouin gain spectrum remains Lorentzian but shows a width equal to the sum of 
the intrinsic Brillouin gain bandwidth and the pump spectral width. In this particular 
case, the time delay (Td) obtained is given by, 
T d = — — - — — ( 3 . 2 ) 
27r(AvB + Avp) 271 AVp 
where G is the Brillouin gain on the signal and Avb and Avp are characteristic 
Brillouin width and the linewidth of the pump, respectively. For RZ-OOK signal, the 
optimize gain bandwidth without much distortion is around twice of the data rate 
[11]. Therefore the equation can be written as, 
^ (3.3) 
d 27I(2B) 
where B is the bit rate of the RZ-OOK signal. For a fixed Brillouin gain, the delay is 
reduced as a double speed with increasing signal bit rate. Theoretically, the delay 
can be increased by enhancing the Brillouin gain. However, the dependence between 
the Brillouin gain and pump linewidth is not consider in this equation. In real case, 
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the Brillouin threshold increases with pump modulation rate. Therefore, the 
maximum delay is also limited by the maximum Brillouin gain achieved in the 
system. 
3.4 Experimental setup 
The setup of SBS slow light using a phase-modulated pump is shown in figure 
3-2. A 1551.318-nm laser diode is modulated by an electro-optic intensity modulator 
(EOM) to produce the input signal pulses. The polarization controller (PCI) is used 
to optimize the intensity modulation. Modulation rates at both 1 GHz and 10 GHz 
are used to generate pulses with different time duration in the experiment. The signal 
pulses are amplified using an erbium-doped-fiber amplifier (EDGA) to give an 
average power of 0 dBm and is launched into an 8-km standard single mode fiber 
(SMF-33) through an optical isolator. The measured Brillouin shift of the SMF-33 
single mode fiber is approximately 0.088 nm, as shown in figure 3-3. 
P C 1 
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8 - k m S M F - 3 3 ^ ^ 
P C 2 J M 
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H i g h p o w e r E D F A 
Figure 3-2: Experimental of SBS slow using a phase-modulated pump. LD: laser 
diode; PCI and PC2: polarization controller; EOM: electro-optic intensity 
modulator; PM: phase modulator; EDFA: erbium-fiber-doped amplifier; SMF: 
standard single mode fiber. 
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Figure 3-3: Measured Brillouin shift of SMF-33 standard single mode fiber 
Another tunable CW laser is used as a pump light. The laser is set to operate at 
1551.230 nm (1551.318 -0.088 nm) such that the generated Brillouin gain is exactly 
aligned with the wavelength of signal pulse. The pump is then modulated by a phase 
modulator driven by a 1-Gb/s or 10-Gb/s pseudorandom bit sequence (PRBS) 
depending on the input signal modulation rate. The polarization for phase 
modulation is optimized by controlling PC2. The spectral characteristics of the 
1-Gb/s modulated, and the 10-Gb/s modulated pumps are shown in figure 3-4. The 
modulated pump is directed to a high power EDFA and amplified to give an average 
output power up to 27 dBm. The amount of delay can be tuned continuously by 
adjusting output power of the high power EDFA. After amplification, the pump is 
launched to the SMF-33 single mode fiber through an optical circulator. By counter 
propagating the pump and signal pulses in the fiber that serves as slow light medium, 
the signal pulses are amplified by the Brillouin gain. By Kramers-Kronig relations, a 
group index change is associated with the Brillouin gain. Therefore, the signal 
pulses are delayed. The delayed signal pulses are attenuated before detecting by a 
fast photo-detector (3-dB bandwidth of 36 GHz) and displayed on a 50-GHz 
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sampling oscilloscope. The pulse delay is determined from the waveform traces 
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Figure 3-4: Spectrum of optical pumps. Dotted curve: phase-modulated at 1 Gb/s; 
(b) Solid curve: phase- modulated at 10 Gb/s 
3.5 Experimental result 
In the experiment, we first generate 386-ps signal pulses at 1 GHz. The 
waveform and spectrum of the input signal is shown in figure 3-5. The pulses are 
delayed using two separate sets of modulated pumps. 
(a) (b) 
I 1 ^ J J 一 一 
i?F「fk::?Pf I A 
I /• • -* I » «• -1 / «a *-4- -*-<••«.i I- • « t - i J»-»- ••I *-I- ^ ^ — I ^ 
. 1 t _ \ 
C/D : 一 C J \ 
B 
I I 1 
T i m e ( 5 0 0 ps/div.) 1 5 4 9 . 8 1 5 5 0 1 5 5 0 . 2 1 5 5 0 . 4 1 5 5 0 . 6 
W a v e l e n g t h ( n m ) 
Figure 3-5: (a) Waveform of the 1 GHz input signal; (b) Spectra of the 1 GHz input 
signal 
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In figure 3-6 (a), the pulses are delayed using a phase-modulated pump at 10 
Q 1 
Gb/s driven with a PRBS (2 -1). A 30-ps delay is obtained when the average pump 
power is about 27 dBm. The original pulse shape is maintained. We observed that 
the delay can be increased to 100 ps simply by changing the pump modulation rate 
to 1-Gb/s. However, a distortion in pulse shape is observed. The delayed pulses are 
shown in figure 3-6 (b). The result indicates that excessive broadening of the pump 
linewidth is unfavorable for low-bit-rate communication using broad pulses as it 
(educes the amount of delay achieved. (b) 
T i m e T i m e 
Figure 3-6: (a) Temporal profiles of the 1-GHz input pulse (blue) and the delayed 
pulse (violet) using a 10-Gb/s PRBS pump modulation. A 30-ps delay is obtained, (b) 
Temporal profiles of the 1-GHz input pulse (blue) and the delayed pulse (violet) 
using a 1-Gb/s bit pattern pump modulation. A 100-ps delay is obtained. 
A distortion in pulse shaped and pulse broadening are observed when 1-Gb/s 
phase modulation is adopted and will potentially degrade the actual data that are 
transmitted through the slow light delay line. The distortion is believed to be caused 
by the Brillouin gain profile with bandwidth broadening. High bit rate (10-Gb/s) 
pump modulation can reduce the distortion according to the experimental result, but 
excessive broadening of pump linewidth reduces the amount of delay achieved. An 
optimum linewidth of the pump is crucial in achieving a balance between delay and 
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signal degradation. The signal becomes more vulnerable to distortion when the 
signal bandwidth is comparable to bandwidth of slow light. Therefore, higher bit 
rate pump modulation is flavor to signal quality. Different modulation formats 
exhibit different tolerance to the filtering effect induced by narrow SBS gain 
bandwidth. For RZ-OOK and NRZ-OOK signal, the 3-dB bandwidths of around 
twice the data rate are found to be optimum as described in [11]. To demonstrate the 
delay of the shorter pulses for high-bit-rate communication, we increase the signal 
modulation frequency to 10 GHz to generate 26.6-ps signal pulses. The time profile 
and the spectrum are shown in figure 3-7. 
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Figure 3-7: (a) Waveform of the 10 GHz input signal; (b) Spectra of the 10 GHz 
input signal 
With a 10-Gb/s PRBS phase-modulated pump of 27 dBm average power，a 
delay of 10 ps is obtained. The result is shown in figure 3-8 (a). The optical pulse 
maintained its original shape; however, a pulse broadening of 6 ps is measured. The 
measured output width is 32 ps, corresponding to a broadening factor of 1.2. The 
pulse broadening is predicted to be reduced with higher pump modulation rate as 
discussed before. When a 1-Gb/s modulation is used to phase-modulate the pump, 
the resultant SBS gain bandwidth is insufficient to support the delay of the pulse. 
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Figure 3-8 (b) shows the measured output that contains only noise at the output due 
to narrowband filtering of signal. The result confirmed sufficient pump linewidth 
broadening is necessary for narrow signal pulses. 
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Figure 3-8 (a) Temporal profiles of the 10-GHz input pulse (blue) and the delayed 
pulse (violet) using a 10-Gb/s PRBS pump modulation. A 10-ps delay is obtained, (b) 
Oscilloscope trace showing the output noise when a 1-Gb/s bit pattern pump 
modulation is used. 
Conclusion 
We demonstrate slow light for pulses up to 10 GHz in a single mode fiber using 
a phase modulated pump. With an average power of 27 dBm and a 1-Gb/s pump 
modulation, a 386-ps pulse is delayed by 100 ps. To support the delay of shorter 
pulses for higher bit-rate communication, the pump is modulated at 10-Gb/s to 
produce a broader linewidth. A delay up to 10 ps has been achieved for 26 ps pulse. 
The correlation between signal pulse width and the phase modulation rate is 
reported. 
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CHAPTER 4 
Signal wavelength transparent SBS slow light 
using XGM based wavelength converter and 
Brillouin fiber laser 
In the previous chapter, we demonstrate slow light via stimulated Brillouin 
scattering (SBS) using a phase-modulated pump to support slow light on high speed 
signal. However, the slow light via SBS requires the signal wavelength to be aligned 
with the Stokes shifted wavelength, therefore pump and signal wavelength alignment 
is required to maximize the induced time delay. In this chapter, we demonstrate a 
wavelength transparent stimulated Brillouin scattering (SBS) approach for slow 
light. Our approach makes use of a cross gain modulation (XGM) based wavelength 
converter and a Brillouin fiber laser. The input signal is wavelength converted to 
become spectrally aligned to the resonance induced by SBS. The maximum delay 
achieved is 26 ns with a 30 dB Brillouin gain. The delay variation is less than 0.2 ns 
over 40-nm wavelength detuning of the input signal. 
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3.2 Stimulated Brillouin scattering (SBS) 
Tunable optical delay line is a fundamental building block for optical signal 
processing and buffering in a communication network. In the past few years, 
different techniques have been developed to realize an all-optical delay line. In 
particular, the slow light technique [1] has received much attention. It offers 
continuously tunable delay by reducing the group velocity of the signal. Slow light 
also increases the interaction time of light waves for use in optical sensing and 
nonlinear signal processing. It can be achieved in an optical fiber by stimulated 
Raman scattering (SRS), optical parametric amplification (OPA), and stimulated 
Brillouin scattering (SBS). Slow light using SBS [2] [3] is particularly attractive as it 
requires only a relatively low pump power. Also, no phase matching is needed to 
achieve a large delay. The Stokes shift in SBS is determined by the fiber waveguide 
structure and the doping level of germanium inside the fiber core. To achieve SBS 
slow light, the input signal must be spectrally aligned to the SBS induced resonance. 
The amount of delay is tuned by adjusting the Brillouin gain. The intrinsic SBS gain 
bandwidth is around 30 MHz in a conventional single mode fiber, thus limiting the 
input data rate to the megabit range. The gain bandwidth can be broadened [4] [5][6] 
to support gigabit data rate in an optical communication network. Recently, an 
operation bandwidth of up to 25 GHz has been reported [7]. Another major 
challenge for SBS slow light is that the delay can be obtained only when the signal 
wavelength falls within the bandwidth of resonance. A precise pump wavelength is 
required. The input signal wavelength is fixed unless a tunable pump laser with a 
very fine tuning resolution and high wavelength stability is used. 
In this chapter, we propose and demonstrate a novel SBS slow light 
architecture for tunable delay. Our approach offers a wavelength transparent 
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operation to the input signal. The signal wavelength is converted to become 
spectrally aligned to the SBS induced resonance regardless of its original 
wavelength. The wavelength transparency is achieved with the use of a cross-gain 
modulation (XGM) based wavelength converter and a Brillouin fiber laser. The 
wavelength transparent range is found to be over 40 nm. Our approach eliminates 
the need of precise pump tuning and supports slow light with different signal 
wavelengths without changing the pump wavelength. Hence, it offers a practical and 
cost effective solution for the use in optical communication network. 
4.2 Brillouin fiber laser and XGM 
wavelength converter 
The Brillouin gain in the optical fiber can be used to make Brillouin fiber lasers 
by placing the fiber inside a cavity. Both the ring cavity and the Fabry-Perot cavity 
have been demonstrated for lasing. The Brillouin threshold is found to occur at a 




where gb is the peak value of the Brillouin gain, Leff is the effective length of the 
optical fiber and Aetr is the effective area of the optical fiber. For Brillouin fiber laser, 
the threshold pump power required for oscillations is considerably reduced because 
of the feedback provided by the cavity. Typically the factor 21 is replaced by a 
number in the range 0.1-1 depending on the coupling losses. The Brillouin fiber 
laser adopted in our setup is built by a 600-m fiber ring cavity shown schematically 
ill figure 4-1. A DFB pump laser (kp) is routed to the fiber ring cavity via an optical 
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circulator. The pump is scattered to generate the Stokes wave (?tB) in the SMF-33 
standard single mode fiber, which is counter-propagating with the pump inside the 
fiber cavity. The Stokes wave is further amplified in the single mode fiber in another 
round trip. A coupler is used to branch out part of the Stokes wave power as the 
output. The output spectrum of the Brillouin fiber laser and pump laser is shown in 
figure 4-2. 
g b s 
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Figure 4-1: Schematic illustration of a Brillouin fiber laser built by a 600-m fiber 
ring cavity. 
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Figure 4-2: Optical spectrum of pump laser and output spectrum of Brillouin fiber 
laser. 
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All-optical wavelength converter can be built by using cross gain modulation 
(XGM) in an SOA [9]. The basic principle of a XGM wavelength converter is 
illustrated in figure 4-3. An intensity modulated signal is injected into a SOA, 
along with a continuous wave (CW) probe signal (X2), as shown in figure 4-3(a). The 
power level of the "ones" of input signal is sufficiently high to compress the gain of 
the SOA, as shown in the schematic saturation characteristic in figure 4-3(b). This 
gain compression results from the carrier depletion caused by stimulated emission in 
the presence of the strong input signal. The gain modulation caused by the input 
signal modulates the CW signal at the probe wavelength, thus an inverted data is 
obtained at the probe wavelength. 
(a) D / X、 
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p i I Optical filter at 入 2 
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Figure 4-3: Principle of operation of XGM based wavelength converter 
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3.2 Stimulated Brillouin scattering (SBS) 
Figure 4-4 shows the schematic illustration of our wavelength transparent SBS 
slow light approach. A laser diode is used simultaneously as the pump for a 
Brillouin fiber laser and the pump for SBS slow light. The laser output is divided 
into two branches. The first branch serves as the pump in a Brillouin fiber laser that 
downshifts the frequency of the laser diode by an amount equal to the Stokes shift of 
the optical fiber used in the cavity. The Brillouin laser output is then used as the 
probe light of a wavelength converter. The signal to be delayed is directed to the 
wavelength converter. The wavelength converter used is based on cross-gain 
modulation in an SOA. Due to gain competition, the information carried at the 
signal will be inverted and copied to the Stokes wavelength defined by the Brillouin 
fiber laser. Another branch of the laser diode output serves as the pump for SBS 
slow light. The slow light medium is composed of the same type of fiber used in the 
Brillouin fiber laser. The Brillouin shift of the two optical fibers are identical, 
therefore the converted output is aligned with the gain peak of SBS. Hence, 
automatic wavelength alignment is achieved. By Kramer-Kronigs relations, a rapid 
change of the refractive index is associated with the SBS induced resonance. 
Therefore, the group index at the resonance is sharply increased. A delay of the 
optical signal is obtained. Since a XGM wavelength converter is used, the signal 
will be converted to align with the gain peak of SBS regardless of its original 
wavelength, and thus signal wavelength transparent operation is achieved. 
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Figure 4-4: Schematic illustration wavelength transparent SBS slow approach 
4.4 Experimental setup and results 
The experimental setup is shown in figure 4-5. The output of a 1553.920-nm 
laser diode is amplified by an EDFA to produce an average power of 15 dBm. An 
optical bandpass filter is used to filter out the amplified spontaneous emission noise 
after the amplification. The pump is then split into two branches with a 3-dB 
coupler. One branch is directed to a Brillouin fiber laser constructed with a 600-m 
SMF-33 standard single mode fiber. The Stokes shift of the fiber is �10.83 GHz. 
The measured Brillouin gain spectrum is shown in figure 4-6. Hence, a 
down-shifted Stokes wave is generated by the fiber laser as the probe light. The 
wavelength of the probe is about 1554.008 nm. In our experiment, the signal pulses 
to be delayed are generated by externally modulating a tunable laser with a 10-MHz 
sinusoidal RF signal. A higher modulation frequency can be used if the pump 
linewidth is broadened to increase the gain bandwidth by SBS. The electro-optic 
modulator is biased to generate a 30-ns (FWHM) inverted signal pulse as shown in 
figure 4-7 (a). The signal pulses are routed to the semiconductor optical amplifier 
(SOA) via an optical circulator (0C2). The pulses and the Brillouin fiber laser 
probe light counter-propagate in the SOA. Non-inverted signal pulses are thus 
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generated on the probe wavelength by XGM wavelength conversion. The result is 
shown in figure 4-7 (b). The intensity noise of the converted pulse is believed to 
originate from the instability of the Brillouin fiber laser. 
rr-Ti J^ dfa edfa ^ voa 
P u m p 〇 B F 〇 c i ^ ^ ^ ^ _ 8 - k m S M F ^ S 
R F C p ^ ^ 6 0 0 - m SMF 
i f ^ m ^ 9 0 / 1 0 ~ ~ V 
Figure 4-5: Experimental setup of the slow light approach. LD: laser diode; TL: 
tunable laser; EDFA: erbium doped fiber amplifier; OBPF: optical bandpass filter; 
SOA: semiconductor optical amplifier; OCl, 0C2, and 0C3: optical circulator; 
SMF: single mode fiber; EOM: electro-optic modulator; VOA: variable optical 
attenuator. 
The other branch of the pump is amplified with a high power EDFA to produce 
a 30 dBm average output. A variable optical attenuator is used to control the pump 
power. The amplified pump is then routed via another optical circulator (0C3) to an 
8-km SMF-33 single mode fiber that serves as the slow light medium. The Stokes 
shift in the slow light medium is the same as the Stokes shift in the Brillouin fiber 
laser. Hence, the fiber laser output, now carrying the signal pulses, is aligned exactly 
with the Brillouin resonance induced in the slow light medium. Therefore allows 
signal wavelength transparent operation. By counter-propagating the pump and the 
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converted signal in the fiber, the converted signal is simultaneously amplified and 
delayed. With adjustment of the pump power, different amounts of Brillouin gain 
and delay are achieved. 
iL i 
1 0 . 7 5 1 0 . 8 0 1 0 . 8 5 10.90 
F r e q u e n c y ( G H z ) 
Figure 4-6: Measured Brillouin spectrum of SMF-33 standard single mode fiber 
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Figure 4-7: Time profiles of (a) Inverted input pulses at 1548.440 nm, (b) 
Non-inverted output pulses at 1554.008 nm after XGM wavelength conversion. 
By controlling the pump power, a continuously tunable delay up to 26 ns has 
been achieved. The delay increases from 11 to 19 and 26 ps when the gain is 
increased from 10 to 20 and 30 dB. Figure 4-8 (a) and (b) depict the temporal 
profiles and the spectra measured at different levels of the Brillouin gain. The 
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achieved pulse delay scales linearly with the optical gain at 1.15 ns/dB. The result is 
shown in figure 4-9. The result confirms that the induced time delay can be tuned 
continuously. 
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Figure 4-8: (a) Time profiles of (i) input signal, (ii) — (iv) delayed signals with 
different Brillouin gains at 10 dB, 20 dB, and 30 dB. (b) Optical spectra of the input 
signal and the delayed signals at different Brillouin gains. 
- 5 4 -
All-Optical Switching and Variable Delay Using Nonlinear Optical Signal Processing Techniques 
CHAPTER 4 
To Study the wavelength transparent characteristic of our approach, the tunable 
laser is tuned over 40 nm from 1540 to 1580 nm. The operating range is limited by 
the conversion bandwidth of the XGM based wavelength converter. The delay 
variation is less than 0.2 ns for all levels of Brillouin gain as shown in figure 4-10. 
The variation is believed to be caused by gain fluctuation and the slight change in 
pulse profile caused by the XGM wavelength converter. The wavelength transparent 
setup can be modified to support higher data rate by modulating the pump in the 
slow light module. The modulation can be carried out on either the phase or the 
intensity. 
30 
25 - ^ ^ 
I 15 , 
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Figure 4-9: Relation between the pulse delay and the Brillouin gain. The linear 
plot shows a delay of 1.15 ns/dB. 
- 5 5 -
All-Optical Switching and Variable Delay Using Nonlinear Optical Signal Processing Techniques 
CHAPTER 3 
3 0 
2 5 - • • • • • • • • “ • • • • • • • • • • • 
^ 2 0 - A A A 
¥ 1 5 -
• • • • • • • • • • • • • • • • • • • • 隱 
D 1 0 - A 3 0 - d B gain 
5 _ • 2 0 - d B gain 
• 1 0 - d B gain 
0 ‘ ‘ ‘ 
1 5 3 5 1 5 5 0 1 5 6 5 1 5 8 0 
W a v e l e n g t h ( n m ) 
Figure 4-10: Measured pulse delay as a function of input signal wavelength at 
different levels of Brillouin gain. 
Conclusion 
In summary, we demonstrate a wavelength transparent SBS slow light 
approach using a XGM based wavelength converter and a Brillouin fiber laser. A 
30-ns inverted pulse train is converted and aligned to the SBS induced resonance 
regardless of its original wavelength. Using a high power EDFA，continuously 
tunable delay up to 26 ns has been achieved. The wavelength transparent 
characteristic is verified by detuning the input signal wavelength from 1540 nni to 
1580 nm. The variation of the delay is less than 0.2 ns. The approach offers a 
practical means to perform buffering or synchronizing operation in WDM optical 
communication networks. 
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CHAPTER 5 
All-optical tunable delay line for channel 
selection in a 40-Gb/s optical time division 
multiplexing system 
In chapter 3, we introduce a wideband all-optical tunable delay line using a 
phase modulated pump via stimulated Brillouin scattering (SBS). The pump 
linewidth is broadened to support 10-Gb/s data. However, the delay-bandwidth 
product restricts the maximum amount of delay at high bit rate and limits its 
application in optical communication networks. In this chapter, we propose another 
type of all-optical tunable delay line using four-wave mixing (FWM) wavelength 
conversion together with group velocity dispersion (GVD). There is no inherent 
trade-off between the signal bandwidth and the amount of tunable delay. To show the 
applications of our proposed tunable delay line, a channel selectable 40-Gb/s 
OTDM signal demultiplexing scheme is demonstrated using our tunable delay line. 
The demultiplexing is performed by optical gating in an electro-absorption 
modulator (EAM) via cross absorption modulation (XAM). By tuning the delay of 
the optical clock, fast channel selection can be achieved. 
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3.2 Stimulated Brillouin scattering (SBS) 
Tunable optical delay line is a fundamental building block for signal 
processing in an optical communication network. The delay can be used for optical 
buffering, data packet synchronization, and bit-level synchronization [1]. Various 
techniques have been demonstrated to achieve a tunable delay. Examples are the 
switching among a discrete set of optical paths [2], slow light in an optical fiber 
[3][4], and wavelength conversion with group velocity dispersion [5][6][7]. 
The demand on the bandwidth requirement of internet is increasing 
dramatically due to the rapid growth in broadband multimedia services [8]. In 
modem optical communication networks, the transmission capacity can be expanded 
by increasing the number of wavelength channels or by increasing the bit-rate in 
each channel. Wavelength division multiplexing (WDM) system is employed in 
long-haul communication network to increase the channel number by transmitting 
different channels via different wavelengths on the same fiber simultaneously. The 
WDM system can increase the transmission capacity without increasing the speed of 
each channel. Time division multiplexing (TDM) system is employed to increase the 
per channel bit rate by allocating a specific time-slot to each information channel in 
a continuous bit-stream. Intense efforts in the demonstration and deployment of this 
high capacity WDM/TDM networks are in progress [9] [10]. A transmission system 
employing OTDM is an attractive solution to future high bit rate TDM optical 
communication system [11]. However, electronic circuits are creating a bottleneck 
on the operation as high speed electronics are limited up to � 5 0 GHz and are very 
expensive. Recently, many researches are targeting on all-optical signal processing 
to overcome the electronic speed limit. All-optical signal processing provides a 
potentially high speed and relatively inexpensive method for the OTDM optical 
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networks. 
All-optical demultiplexing of OTDM system can be achieved using the time 
gating technique. To select different channels, the time delay of the incoming gating 
signal should be varied. An all-optical tunable delay line offers optically controlled 
and fast tuning speed for the demultiplexing. In this chapter, we present a 40-Gb/s to 
10-Gb/s optical time division multiplexing (OTDM) demultiplexer using an optical 
delay line. The optical delay line is constructed by four-wave mixing wavelength 
conversion and wavelength-dependent group delay in a chirped fiber Bragg grating. 
Unlike the stimulated Brillouin scattering slow light technique, there is no inherent 
trade-off between the signal bandwidth and the amount of tunable delay. Also, the 
delayed pulses are not distorted or broadened. The demultiplexing is performed by 
optical gating in an electro-absorption modulator (EAM) via cross absorption 
modulation. By tuning the delay of the optical clock, fast channel selection can be 
achieved. 
5.2 Principle of four-wave mixing 
The origin of parametric processes lies in the nonlinear response of bound 
electrons of a material to an applied optical field. More specifically, the polarization 
induced in the medium is nonlinear to the applied field and is governed by the 
nonlinear susceptibilities. The parametric processes are dominated by second-order 
or third order parametric processes depending on whether second-order or third 
order susceptibility is involved. It is well known that the third-order parametric 
processes are more important in a silica fiber owing to inversion symmetry. The 
third-order parametric processes involve in general the interaction among four 
optical waves and include the phenomena such as third-harmonic generation, 
-61 -
All-Optical Switching and Variable Delay Using Nonlinear Optical Signal Processing Techniques 
CHAPTER 5 
four-wave mixing (FWM), and parametric amplification. Four-wave mixing is being 
studied extensively since it is an efficient way for the generation of new waves. In 
the case of four-wave mixing, phase matching is required. In the context of quantum 
mechanics, four-wave mixing occurs when photons from one or more waves are 
annihilated and new photons are created at different frequencies such that the net 
energy and momentum are conserved during the parametric interaction. A schematic 
illustration of typical four-wave mixing is shown in figure 5-1. Consider four optical 
waves oscillating at frequencies cos, cop, C03, C04, phase matching should be achieved 
at CO4 = 2COS -cop and C03 = 2cop -cos. The electric field of the two newly generated 
waves can be written as, 
—^  —• 
E3 = ( E p i • E s*)EpiY(cOpj -c0s)exp [ i (c03t + 2(t)pi -( |)s)] (5.1) 
» • 
E4 = (Es .Epi*)Es丫(cOs —c0pi)exp[i(C04t + 2(|)s _(|)pi)] (5.2) 
where E is the electric field of the wave, (p is the phase of the wave, and y is the 
nonlinear coefficient. Note that the amplitude information and the phase of the 
signal is transferred to the two newly generated wave at CO3. Therefore wavelength 
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Figure 5-1: Schematic illustration of different components in FWM 
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3.2 Stimulated Brillouin scattering (SBS) 
The schematic of our channel selectable OTDM system is shown in figure 5-2. 
The demultiplexing is based on an optical gating device built by an 
electro-absorption modulator (EAM). The modulator is reversely biased with an 
electric field. By applying an optical clock with at the baseband frequency, the clock 
will gives rise to a screening of the applied electric field and significantly decrease 
the absorption and create a transmission window. The EAM will work as an optical 
gate that opens periodically at the baseband frequency. The process of optically 
modulating the absorption is described as cross-absorption modulation (XAM). By 
launching the OTDM signal to the optical gate simultaneously, the OTDM signal is 
demultiplexed to the baseband frequency. The tunable delay line is achieved via 
FWM wavelength conversion in a 64-m highly nonlinear dispersion flattened 
photonic crystal fiber (PCF) [12] followed by chromatic dispersion. The PCF 
exhibits a large nonlinear coefficient at 1550 nm. Thus a 64-m fiber is sufficient to 
introduce FWM. The short length of fiber also leads to a large stimulated Brillouin 
scattering (SBS) threshold. The 3-dB conversion bandwidth of 16 nm can be 
achieved with the PCF. The tunable delay is produced by feeding the 
wavelength-converted output to a dispersive fiber medium. With the use of a chirped 
fiber Bragg grating (CFBG), a continuously tunable delay can be achieved by 
changing the wavelength of the converted output. Using an all-optical tunable delay 
line, the time delay on the clock can be tuned continuously. Synchronization between 
clock and OTDM signal and fast channel selection can be achieved by simply 
controlling the time delay on the clock. 
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Figure 5-2: Schematic of tunable delay line for channel selection in OTDM system 
5.4 Experimental setup 
Figure 5-3 shows the experimental setup of the channel selectable OTDM 
demultiplexing. A 10-GHz mode-locked fiber laser is externally modulated by an 
electro-optic modulator driven by a 10-Gb/s pseudorandom bit sequence (PRBS) 
to generate 10-Gb/s RZ-OOK signal. The output is then multiplexed using a set of 
10-Gb/s to 40-Gb/s OTDM bit rate multiplier to produce a 40-Gb/s OTDM signal. 
The signal is amplified, directed to an optical isolator, and launched to an 
electro-absorption modulator (EAM). A 1551.5-nm electro-absorption modulated 
laser (EML) is driven at 10 GHz to produce an optical clock for demultiplexing in 
our experiment. The clock has a pulse width of 22 ps. To achieve high-speed 
channel selection and synchronization between the clock and the OTDM signal, a 
tunable optical delay line is built by four-wave mixing wavelength conversion 
followed by wavelength-dependent group delay. A CW tunable laser (TL) is used as 
the pump and is combined with the optical clock through a 3-dB coupler. The 
polarization of the TL is adjusted by a polarization controller to optimize the 
wavelength conversion efficiency. 
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Figure 5-3: Experimental setup of 40-Gb/s demultiplexer. EML: electro-absorption 
modulated laser; TL: tunable laser; EDFA: erbium doped fiber amplifier; PCF: 
photonic crystal fiber; CFBG: chirped fiber Bragg grating; OBPFl and OBPF2: 
optical bandpass filter; MLFL: mode-locked fiber laser; PPG: pulse pattern 
generator; 10-40 MUX: 10-Gb/s to 40-Gb/s bit rate multiplier; EAM: 
electro-absorption modulator 
The combined output is amplified to produce an average output power of 17 
dBm and is launched into a 64-m dispersion flattened (dispersion slope � lO. ] 
pskm"'nm"^), highly nonlinear (Y=1L2 W^km^) photonic crystal fiber (PCF) to 
introduce four-wave mixing. The four-wave mixing output is routed to a linearly 
chirped fiber Bragg grating (CFBG) through an optical circulator. The dispersion of 
the CFBG is measured to be 20 ps/nm. The dispersion, transmission, and reflection 
characteristic of the CFBG are shown in figure 5-4. 
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Figure 5-4: (a) Dispersion characteristic of the CFBG; (b) Reflection and 
transmission spectrum of the CFBG. 
Different time delays are obtained by tuning the wavelength of the tunable laser. 
The residual pump power is blocked by a Gaussian-shaped optical bandpass filter 
(OBPF 1) with a 3-dB bandwidth of 0.5 nm. The delayed optical clock is then 
directed to another EDFA and filter by another Gaussian-shaped optical bandpass 
filter (0BPF2, 3-dB bandwidth 0.4 nm) to remove the amplified spontaneous 
emission noise (ASE) introduced. The average power of the clock is 14 dBm after 
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0BPF2. The clock is then routed to EAM via an optical circulator. The high 
intensity of the income clock screens out the electric-field applied to the EAM and 
reduces the absorption of the signal light by cross-absorption modulation (XAM). 
An optical gate at 10-GHz is created. Since the 40-Gb/s OTDM signal and the 
optical clock counter-propagates in the EAM, each channel can be demultiplexed 
down to 10 Gb/s individually by tuning the time delay of the clock. 
5.5 Experimental results 
Each channel of the 40-Gb/s OTDM signal can be selected and demultiplexed 
by adjusting the wavelength of the tunable laser from 1548.5 nm to 1550.375 nm, 
the wavelength of the generated FWM output can be controlled. By FWM, the 
wavelength converted optical clock is sent to a CFBG to generate different delay. 
The output optical clock varies from 1545.5 nm to 1549.25 run corresponding to a 
relative delay from 0 ps to 75 ps. The result on delay tuning of the clock from 0 to 
75 ps is shown in figure 5-5 (a). The corresponding FWM optical spectra are 
measured after the PCF and are shown in figure 5-5 (b). It is worth noting that the 
achievable delay can be over 75 ps, the maximum amount needed for channel 
selection in 40-Gb/s OTDM demultiplexing. Using XAM, each channel of the 
40-Gb/s OTDM signal can be selected by changing the time delay of the optical 
clock. The demultiplexed channel is detected by a 36 GHz photo-detector and 
displayed on a 50 GHz sampling oscilloscope. The eye diagrams of the four 
demultiplexed channels are shown in figure 5-6. A clear and open eye can be 
observed in each channel after demultiplexing. Since the pulse width of the clock 
generated by the EML is approximately 22 ps (FWHM), the gating window of XAM 
is not narrow enough to completely suppress the signal in the other channels. Thus, 
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some ripples are observed in the measured eye diagrams. The result can be improved 
by using an optical clock with shorter pulses. 
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Figure 5-5: (a) Profiles of the optical clock at different time delays and (b) 
corresponding FWM optical spectra. The relative delays are (i) 0 ps, (ii) 25 ps, (Hi) 
50 ps, (iv) 75 ps. 
To quantify the performance of the OTDM demultiplexer using tunable delay, 
BER measurements are carried out on each channel. The result is shown in Figure 
5-7. The B2B case is measured before multiplexing. The power penalties of the four 
channels after multiplexing and demultiplexing are less than 4 dB at a BER of 10"^ . 
The signal degradation is caused by amplified spontaneous noise in the EDFAs and 
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the reduction in extinction ratio of the signal after the XAM process. Due to the fast 
response of FWM in the PCF, the setup is potentially upgradeable to support channel 
selection in an OTDM system with a higher bit rate using a high speed EAM or 
nonlinearities in an optical fiber for the demultiplexing process. 
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Figure 5-6: (a) - (d) Eye diagrams of 10-Gb/s demultiplexed signals at the four 
channels 
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Figure 5-7: BER measurement results on the 10-Gb/s back to back signal and the 
four demultiplexed channels. 
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Conclusion 
Using four-wave mixing wavelength conversion in a highly nonlinear 
dispersion flattened photonic crystal fiber and chromatic dispersion in a linearly 
chirped fiber Bragg grating, we have experimentally demonstrated an all-optical 
delay line for 40-Gb/s OTDM demultiplexing. Using FWM in the PCF, the optical 
clock generated by an EML is wavelength converted. The converted output is 
launched into the CFBG with a dispersion of 20 ps/nm. The delay of the incoming 
optical clock can be continuously tuned for channel selection. Using EAM, an 
optical gate is constructed for demultiplexing. The measured power penalties are 
less than 4 dB for the four demultiplexed channels. Our all-optical delay scheme is 
useful in realizing a bit-rate variable and fast-tuned demultiplexer for OTDM 
networks. Due to the fast response of FWM in the PCF, our scheme can be 
upgradeable to support channel selection for high bit rate OTDM system (>40 Gb/s) 
using a high speed EAM or nonlinearities in an optical fiber for the demultiplexing. 
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CHAPTER 6 
Tunable optical delay with CSRZ-OOK to 
RZ-OOK optical data format conversion using 
four-wave mixing wavelength conversion and 
group velocity dispersion 
In this chapter, an optically controlled tunable delay scheme with simultaneous 
CSRZ-OOK to RZ-OOK data format conversion has been proposed using 
pump-modulated four-wave mixing (FWM) wavelength conversion in a 64-m 
dispersion flattened nonlinear photonic crystal fiber (PCF) together with group 
velocity dispersion (GVD) in a chirped fiber Bragg grating (CFBG). By exploiting 
phase doubling on the input signal, CSRZ-OOK to RZ-OOK format and wavelength 
conversion is achieved. The dispersion flattened nonlinear PCF offers a conversion 
bandwidth of about 16 nm. With the use of a CFBG, a delay range over 200 ps has 
been experimentally demonstrated. The approach does not require any clock signal 
and is transparent to the bit rate. The system performance has been measured and 
no power penalty is introduced. 
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6.1 Introduction 
Tunable optical delay line has attracted much research interest as a key 
component in optical communications. The delay is required for optical buffering or 
delaying of signal arrival during their processing at the bottleneck of an optical 
communication network. Different approaches have been experimentally 
demonstrated to realize an optical tunable delay. Examples of which are the 
recirculation of optical information in a fiber loop [1] and the switching of light to 
different optical propagation paths [2]. To achieve continuously tunable delay, slow 
light techniques attract much attention. The techniques are based on laser-induced 
resonance to reduce the group velocity [3]. Slow light can be achieved with 
electromagnetically induced transparency [4]，coherent population oscillations [5], 
stimulated Brillouin scattering [6], and stimulated Raman scattering [7]. Apart from 
slow light techniques, tunable delay can be achieved with wavelength conversion 
together with group velocity dispersion [8][9][10]. To increase the speed and 
bandwidth efficiency of an optical communication system, much research has been 
conducted recently on the use of different modulation formats other than the 
traditional non-retum-to-zero (NRZ) and retum-to-zero (RZ). Carrier-suppressed 
retum-to-zero (CSRZ) data format demonstrates certain advantages in 40-Gb/s 
communication system because of its tolerance to some of the nonlinearities in long 
haul fiber network [11]. However, to adopt CSRZ data format, a system must be 
optimized with different optical settings in dispersion and fiber nonlinearity 
management. Optical data format conversion is therefore desirable for future 
communication network employing different modulation formats. The all-optical 
approach has received much attention since all-optical signal processing offers a 
higher processing speed compared to traditional electrical-to-optical and 
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optical-to-electrical conversion. All-optical conversion between NRZ and RZ 
formats has been achieved with many different methods. Examples of which are 
spectral filtering from a cross-phase modulation output [12], the use of a nonlinear 
optical loop mirror [13], and the use of dual-wavelength injection locking [14]. The 
conversion between CSRZ and RZ formats can be achieved using a semiconductor 
optical amplifier (SOA) based fiber loop mirror [15] or a periodically poled lithium 
niobate (PPLN) device [16]. An optical clock or a carrier suppressed clock is 
required to modulate the phase of the signal to achieve format conversion. 
To obtain tunable delay with CSRZ to RZ format conversion, we propose to use 
pump modulated four-wave-mixing (FWM) wavelength converter built by a highly 
nonlinear photonic crystal fiber (PCF) followed with group velocity dispersion 
provided by a chirped fiber Bragg grating. PCF-based pump modulated FWM has 
been previously applied for all-optical signal regeneration in on-off keying (OOK) 
[17] signal. The phase doubling characteristic has also used for extinction ratio 
enhancement in differential phase-shifted keying (DPSK) signal [18]. In this chapter, 
we demonstrate 10-Gb/s optical format conversion from CSRZ to RZ with 
continuously tunable delay. The conversion is based on the doubling of phase in the 
input signal. The output maintains the same phase in every bit, resulting in a RZ 
data signal. The bit-error-rate (BER) performance is measured experimentally. No 
optical clock or control signal is required in the process and the approach is thus 
transparent to the bit-rate. Because of the fast response of FWM in an optical fiber, 
the approach is potentially applicable for 40 Gb/s or even higher data rates. 
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3.2 Stimulated Brillouin scattering (SBS) 
Carrier-Suppressed Return-to-Zero (CSRZ) is an optical signal format. Similar 
to conventional Retum-to-Zero (RZ) modulation, the intensity drops to zero between 
consecutive bits. But field phase alternates by n between neighboring bits. CSRZ 
format can be generated by different methods, such as spectral filtering [19], biasing 
the Mach-Zehnder modulator (MZM) at null point and driven with sinusoidal signal 
[20]. CSRZ can be used to generate specific optical modulation formats, such as 
CSRZ-OOK, in which data is coded on the intensity of the signal using a binary 
scheme, or CSRZ-DPSK, in which data is coded on the differential phase of the 
signal. CSRZ-OOK signal is considered to be more tolerance to narrowband 
filtering, dispersion and fiber nonlinearity as described in [11]. The generation 
scheme of 10-Gb/s CSRZ-OOK using MZM is shown in figure. The CSRZ signal is 
generated by biasing the MZM at null point and is driven by a sinusoidal signal at 5 
GHz. The output from the MZM is a 10-GHz CSRZ waveform. The 10-Gb/s data is 
added on this waveform via another stage of modulation to produce the CSRZ-OOK 
signal. 
M Z M b i a s e d at null 
Doint a b e d 
t x ^ MAC: 
0 TT 0 TT 
l > a 门 
Data (1101) 
3 b ^ d 
5 : i • A A 。 A • 
0 TT 0 TT Time 
10-Gb/s CSRZ-OOK 
Figure 6-1: Schematic illustration of CSRZ-OOK generation 
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3.2 Stimulated Brillouin scattering (SBS) 
Our tunable delay line is composed of two parts. The first part is a wavelength 
and data format converter using pump modulated FWM in a 64-m PCF. The 
conventional FWM was described in section 5.2. With a CW control light at coc and 
signal at cos, two new waves will be generated at CO3 = 2coc-cos and CO4 = 2(0s-C0c as 
shown in figure 6-2 (a). The new waves can be expressed as: 
—^ — 
E3 = ( E c •Es')EcY(cDc -Ws)exp[i (c03t + 2(pc —cps)] (6.1) 
—• —• 
E4 二(Es •Ec')ESY(cOS -c0c)exp[i(c04t + 2(ps - 9 c ) ] (6.2) 
Note that the phase of the generated wave at CO3 is 2(pc-(ps- The phase information of 
the signal will be carried to the output at CO3. The phase of another generated wave at 
C04 is 2(ps-(pc. The phase of the signal is thus doubled. In our scheme, we use the 
phase doubling characteristic of pump-modulated FWM to achieve data format 
conversion. For CSRZ-OOK signal, the phase between consecutive bits differs by n 
as shown in figure 6-2 (b). After the phase doubling process, the phase between 
consecutive bits will become identical. Therefore, the incoming data will be 
converted from CSRZ-OOK to RZ-OOK. The electric field of the converted signal 
at CO4 is proportional to the square of that of the input signal. Therefore, the signal 
acts at a pump and the technique is described as pump modulated FWM [21]. The 
3-dB conversion bandwidth of FWM in the 64-m PCF is 16 nm as shown in figure 
6-3. 
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Figure 6-2: (a) Different spectral components in FWM. coc'- input control frequency 
(CW); COS： input signal frequency; C03： conventional FWM output frequency; (04： 
pump-modulated FWM output frequency (b) Schematic illustration of CSRZ-OOK to 
RZ-OOK data format conversion via phase doubling effect in pump modulated FWM. 
The second part introduces a wavelength dependent time delay using group 
velocity dispersion. The dispersion is introduced by a CFBG. Since different 
wavelengths are reflected at different positions in the CFBG, a wavelength 
dependent time delay is achieved. The change in the time delay is At = D • AA., 
where D is the dispersion coefficient of the CFBG and AX, is the wavelength shift. 
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Figure 6-3: Dependence of FWM conversion efficiency on wavelength detuning 
between pump and input signal. 
6.4 Experimental setup 
Our setup is shown in figure 6-4. The signal is prepared by externally 
modulating a laser diode using an electro-optic intensity modulator (EOM) driven 
by a 5 GHz sinusoidal RF signal. The EOM is electrically biased at the transmission 
notch to produce a carrier-suppressed optical waveform at 10 GHz as shown in the 
inset of figure 6-4. The waveform is again modulated by another EOM driven by a 
pulse pattern generator at 10 Gb/s PRBS) to produce a 10-Gb/s CSRZ-OOK 
signal. The polarization controllers (PCI and PC2) are used to optimize the signal 
polarization for the modulations. A CW tunable laser is combined with the 
CSRZ-OOK signal via a 3-dB coupler. The combined output is amplified to produce 
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an average power of 20 dBm using an EDFA and is then directed to the 64-m highly 
nonlinear, dispersion-flattened photonic crystal fiber (PCF). The PCF has a 
dispersion of less than -3 ps/(km*nm) over 1500-1600 nm and a nonlinearity 
coefficient of 11.2 (W*km)"^  at 1550 nm [10]. No stimulated Brillouin scattering is 
observed throughout the experiment. The PCF is used as a nonlinear medium to 
introduce FWM between the CSRZ-OOK signal and the CW laser, resulting in the 
generation of two new signals. The FWM efficiency can be maximized by adjusting 
the polarization of the tunable laser output using PC3. The average power of the CW 
light and the CSRZ-OOK signal before amplification are -17.65 and -22 dBm, 
respectively. The phase of all data bits in the input will be doubled and the phase of 
bit "tt" will become 2n. Therefore, no phase difference will remain in adjacent bits 
after the phase doubling process. The converted signal will be converted to RZ-OOK. 
An optical tunable bandpass filter with a 0.4 nm 3-dB bandwidth is used to filter out 
the converted signal. The converted wavelength can be adjusted by changing the 
pump wavelength. To achieve tunable delay simultaneously, the converted signal is 
directed to a CFBG via an optical circulator. When the converted wavelength is 
changed, the converted signal will be reflected at different positions along the CFBG. 
The dispersion of the CFBG is 20 ps/nm. Thus a variable time delay can be obtained. 
The signal is then measured with a 36-GHz photo-detector and displayed by a 
sampling oscilloscope. The relative time delay is determined by measuring the 
waveform traces displayed on the oscilloscope. The quality of the converted 
RZ-OOK signal is analyzed using a 10-Gb/s bit-error-rate tester. 
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Figure 6-4: Experimental setup of the CSRZ-OOK to RZ-OOK all-optical data 
format converter. LD: laser diode; TL: tunable laser; PC: polarization controller; 
EOM: electro-optic intensity modulator; 50/50: 3-dB coupler; EDFA: erbium doped 
fiber amplifier; PCF: photonic crystal fiber; OBPF: optical bandpass filter; OC: 
optical circulator; CFBG: chirped fiber Bragg grating; PD: photo-detector; 
RF-Amp: radio frequency amplifier; BERT: bit-error-rate tester. Inset: 
carrier-suppressed waveform at 10 GHz 
6.5 Experimental result 
Figure 6-5 shows the optical spectra measured at different positions of the 
experimental setup. The optical spectrum analyzer has a resolution of 0.01 nm. 
The lower curve shows the spectrum of the signal and the CW tunable laser before 
they enter the PCF. The wavelength of the CW light and the signal are 1547.5 and 
1549.5 nm, respectively. The upper curve depicts the spectrum measured after the 
PCF. FWM occurs in the PCF and two new signals are now generated at 1551.5 
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nm and 1545.5 nm. Note that the linewidth of the CW laser is broadened after 
passing through the PCF. The phase-doubled, converted RZ-OOK output signal 
appears at 1551.5 nm. The signal to noise ratio of the output is about 18 dB. For 
the generated signal at a shorter wavelength of 1545.5 nm, the phase and the 
amplitude information is preserved. CSRZ-OOK format is maintained. 
C W input C S R Z input 
> B 
§ - I R Z output 
I — 1 
_ 1  
I I -
1544 1547 1550 1553 
W a v e l e n g t h ( n m ) 
Fig. 6-5: Optical spectra measured at different positions of the experimental setup. 
Lower curve: optical spectrum obtained before the PCR Upper curve： optical 
spectrum 
of the FWM output obtained after the PCF. 
When the pump is tuned from 1547.5 to 1537.5 nm, the converted wavelength 
is changed from 1551.5 to 1561.5 nm. The converted output is directed to the CFBG 
and different wavelength are reflected at different positions along the grating. To 
estimate the delay achieved, the input CSRZ-OOK signal is set to be "1000000000". 
The delayed optical RZ-OOK signal profiles obtained at different pump wavelengths 
are displayed in figure 6-6. 
- 8 2 -
All-Optical Switching and Variable Delay Using Nonlinear Optical Signal Processing Techniques 
CHAPTER 2 
^ ^ y ^ t N ^ M I I 
I nn|i 
__,‘,.rf^. ！ A * <M.,..r:f:Z ^ 
• I 
益 I .Snjn 
I l | 5 5 9 . 0 h m y f \ I 
C/D ！ •…丨丄 Xfc.^ 
f 5 6 1 . q n m / f \ 
. ！ .. _ .：. . ； ！ 丄 
i 丨 I 丨 I 
i i i I i 
T i m e (50 ps/div.) 
Figure 6-6: Delayed RZ-OOK data at different pump wavelengths. The signals are 
normalized with respect to their peak amplitudes. 
The change in the time delay is determined by the product of the wavelength 
shift and the GVD of the CFBG. A plot of the delay time against the pump 
wavelength is shown in figure 6-7. The plot shows a linear relationship between the 
achieved delay and the pump wavelength detuning. The relative delay is measured 
with the reference of the converted signal at 1551.5 nm. The linear plot indicates 
that the dispersion is uniform across the reflection band. 
250 
2 0 0 - • 
I 150 - • • • 
^ • 
100 - • Q • 
50 - • • 
• 
0 i ‘ ‘ 
0 4 8 12 
W a v e l e n g t h detuning ( n m ) 
Figure 6-7: Plot of the time delay against the pump wavelength detuning 
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To investigate the performance of the data format conversion, the optical spectra 
of the input CSRZ-OOK signal and the converted and delayed RZ-OOK are 
measured and the results are shown in figure 6-8 (a) and (b)，respectively. From the 
measured spectra, we observe that the input signal is carrier suppressed but the 
carrier is recovered in the converted signal after the pump modulated FWM. 
CSRZ-OOK to RZ-OOK format conversion is achieved. The eye-diagrams in figure 
6-8 (c) and (d) show a comparison between the input signal and converted signal. A 
clear and widely opened eye is achieved for the converted output. 
(a) (c) 
.—> 
> - ― 一 
^ _ c 
^ \ ^ I—————. 
^ ^ ^ V/^  _ _ _ _ —_ 
s s w v ^ I I I M r i l l I 
J 上 T i m e (50 ps/div.) 
1 5 4 9 . 2 0 1 5 4 9 . 4 0 1 5 4 9 . 6 0 1 5 4 9 . 8 0 
W a v e l e n g t h ( n m ) 
(b ) _ _ _ (d) 
I ^ ^ ^ I 秦 參 _ _ 
C -
fi - M 
I L 
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1 5 5 3 . 7 5 1 5 5 3 . 9 5 1 5 5 4 . 1 5 1 5 5 4 . 3 5 
W a v e l e n g t h ( n m ) 
Figure 6-8: (a) Optical spectrum of the input CSRZ-OOK signal; (b) Optical 
spectrum of the converted RZ-OOK signal; (c) Eye diagram of the input CSRZ-OOK 
signal; (d) Eye diagram of the converted RZ-OOK signal. 
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Figure 6-9 shows the eye diagrams of the converted RZ-OOK signal at different 
delays. To investigate the performance of our system, a 10-Gb/s BER measurement is 
carried out. Figure 6-10 plots the output BER against the received optical power. The 
BER characteristics of the input CSRZ-OOK and the converted RZ-OOK signals are 
obtained. 
(a) I I I I I 丨 I I I I 
t 翁 〒 〒 
. — i — 
I I t ! I I I 
T i m e (50 ps/div.) 
(b) [ I 
^ ....象…*-去丄金 
I S t o s ^ m 
T i m e (50 ps/div.) 
(c) L M i M . , . L n ~ r 
D) l _ 
CO ^ = = = = 
T i m e (50 ps/div.) 
Figure 6-9: Eye diagrams of delayed signal at different wavelength, (a) 1551.5 nm 
corresponding to a delay of 0 ps; (b) 1556.5 nm corresponding to a delay of 140 ps; 
(c) 1561.5 nm corresponding to a delay of200 ps. 
Considering the BER at 10"^ a power penalty of 0 to -1 dB is achieved for 
format converted outputs at different delays. The improvement is mainly attributed to 
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the shorter signal pulses that favor higher receiver sensitivity for RZ-OOK data 
format. 
0 
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Figure 6-10: BER performance of input CSRZ-OOK signal and delayed RZ-OOK 
signals. 
Conclusion 
We have demonstrated all-optical tunable delay with CSRZ-OOK to RZ-OOK 
data format conversion in a 64-m highly nonlinear, dispersion flattened photonic 
crystal fiber. Using the phase doubling characteristic of pump modulated FWM and 
the group velocity dispersion in a CFBG, a bit-rate transparent optical delay line 
with CSRZ-OOK to RZ-OOK data format conversion is achieved. No optical clock 
is required to modulate the phase of the input signal. The maximum delay 
achieved is 200 ps. No degradation is incurred in the receiver sensitivity at a BER of 
10-9. The proposed setup offers a simple solution to delay and convert CSRZ data to 
RZ data in high speed optical communication network. 
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In this thesis, we have demonstrated different schemes to realize an all-optical 
tunable delay line. The all-optical tunable delay line enables the technology of 
optical packet switching technology which requires an optical buffer. The function 
of the tunable delay line is not limited to optical buffering. It can perform 
bit-synchronization in OTDM system, demodulation of DPSK signal, and etc. 
7.1 Summary of work 
In Chapter 2，we introduce the use of nonlinear polarization rotation (NPR) in a 
semiconductor optical amplifier (SOA) to perform switching of optical differential 
phase-shifted keying (DPSK) signal. A wavelength retaining 1 x 2 all-optical switch 
for DPSK signal has been constructed by commercial available components is 
presented. The switch can be used for implementing optical delay by switching the 
DPSK signal to different optical propagation paths. A 10-Gb/s NRZ-DPSK signal 
generated with pseudorandom binary sequence (PRBS) is switched without 
changing its carrier wavelength. The switching utilizes NPR in an SOA. Using a 
polarization beam splitter (PBS), switching of DPSK signal between two output 
ports can be achieved. The phase information of the DPSK signal is preserved 
throughout the switching process. The performance of the switch is characterized 
using a 10-Gb/s bit-error-rate (BER) tester. The measured power penalty is below 3 
dB over a 12-nin operating wavelength. 
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In Chapter 3, slow light via stimulated Brillouin scattering (SBS) using a phase 
modulated pump is proposed. The intrinsic Brillouin linewidth is restricted to 
approximately 30 MHz in conventional single mode fiber and therefore limits the 
useful data rate supported by SBS slow light system up to several tens of Mb/s. The 
phase modulated pump is proposed to enhance the bandwidth supported by slow 
light via SBS, hence supporting the delay of signal at telecommunication data rates 
(several Gb/s). Due to the constant intensity of the phase modulated pump, pump 
and signal synchronization is not required. A delay of 10 ps is achieved with a 26 ps 
optical pulse. 
In Chapter 4，we demonstrate a wavelength transparent stimulated Brillouin 
scattering (SBS) approach for slow light. Our approach makes use of a cross gain 
modulation (XGM) based wavelength converter and a Brillouin fiber laser. The 
input signal is wavelength converted to become spectrally aligned to the resonance 
induced by SBS. The maximum delay achieved is 26 ns with a 30 dB Brillouin gain. 
The delay variation is less than 0.2 ns over 40-nm wavelength detuning of the input 
signal. 
In Chapter 5，a channel selectable 40-Gb/s OTDM signal demultiplexing is 
demonstrated using an all-optical tunable delay line. The delay line is constructed 
using four-wave mixing (FWM) wavelength conversion together with group velocity 
dispersion (GVD). There is no inherent trade-off between the signal bandwidth and 
the amount of tunable delay. The demultiplexing is performed by optical gating in an 
electro-absorption modulator (EAM) via cross absorption modulation (XAM). By 
tuning the delay of the optical clock, fast channel selection can be achieved. 
In Chapter 6，an optically controlled tunable delay scheme with simultaneous 
CSRZ-OOK to RZ-OOK data format conversion has been proposed using 
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pump-modulated four-wave mixing (FWM) wavelength conversion in a 64-m 
dispersion flattened nonlinear photonic crystal fiber (PCF) together with group 
velocity dispersion (GVD) in a chirped fiber Bragg grating (CFBG). By exploiting 
phase doubling on the input signal, CSRZ-OOK to RZ-OOK format and wavelength 
conversion is achieved. The dispersion flattened nonlinear PCF offers a conversion 
bandwidth of about 16 nm. With the use of a CFBQ a delay range over 200 ps has 
been experimentally demonstrated. The approach does not require any clock signal 
and is transparent to the bit rate. 
7.2 Prospects of future work 
To achieve the ultimate goal of all-optical buffering, the delay provided by slow 
light or tunable delay using wavelength conversion and chromatic dispersion is not 
sufficient. Fiber loop buffer and switching among different fiber delays offer long 
delay time or buffering time by simply increasing the length of the optical fiber. 
However, the achieved delay is only discretely tunable. A continuously tunable delay 
for optical buffering can be achieved by combining the advantages of both fiber loop 
and continuously tunable delay by either slow light or wavelength conversion with 
chromatic dispersion proposed in Chapter 3 and 5. 
Wavelength independent operation and wideband signal support are desirable 
characteristics for an all-optical tunable delay line in a real communication system. 
The delay line can be constructed by applying either phase or intensity modulation 
on the pump in the wavelength transparent slow light approach as described in 
Chapter 4. By broadening the pump spectrum with modulation, the approach can be 
extended to support the delay of signal at 10 Gb/s. Hence a practical means to delay 
signal and true data can be realized in an optical communication system. 
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Another potential application of slow light techniques is in enhancing the 
efficiency of other nonlinear processes in an optical fiber. The slow light techniques 
increase the interaction time for other nonlinear processes and therefore enhance the 
efficiency. We propose to investigate the effect of SBS slow light on FWM in the 
same optical fiber. Since phase matching is required for FWM, the Brillouin pump 
which is counter propagating with the signal will not cause any interference to the 
FWM process. 
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